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ARTICLE INFO ABSTRACT 


Keywords: 
Perovskite solar cells 


The use of magnetron sputtering for deposition of the metal electrode in perovskite solar cells has been limited 
because of the damage to the organic hole transport layer by high kinetic energy particles during the sputtering 
process. In this paper, a systematic investigation into the effect of sputtering power, argon flow rate, sputtering 
duration, and argon pressure on the performance of the perovskite cells was conducted. The results of this work 
show that high power conversion efficiency of 18.35% was obtained for solution-processed, air-fabricated 
perovskite solar cells with Ag contact prepared using magnetron sputtering. The devices also exhibit an excellent 
short-current density of 22.56 mA/cm?, an open-circuit voltage of 1.10 V and a fill factor of 73.7%. The 
investigation reveals that sputtering power is the most critical factor that needs to be carefully controlled to 
minimise the damage to the hole transport layer. This study demonstrates that highly efficient perovskite solar 


Metal electrode 
Organic hole transport layer 
Magnetron sputtering 


cells can be fabricated using magnetron sputtering if the sputtering parameters are optimised. 


1. Introduction 


Perovskite solar cells (PSCs) have become one of the most promising 
solar cell technologies due to high absorption coefficient, excellent 
carrier mobility, high dielectric constant, tuneable bandgap, abundance 
of the materials and low-cost fabrication processes [1-5]. These 
outstanding properties have led to extensive research in PSCs which 
resulted in power conversion efficiency (PCE) enhancement from 3.8% 
in 2009 [6] through 22.6% in 2018 [7] to 23.32% in 2019 [8]. In 2020, a 
PCE of 24.82% was reported by Jeong et al. [9] while the National 
Renewable Energy Laboratory (NREL) published a certified PCE of 
26.1% [10]. One of the important factors that influence the performance 
of PSCs is the metal contact characteristics (morphology and electrical 
properties), which depend on the deposition procedure and material. 
Although good PCEs have been reported for devices with metal contact 
deposited by thermal evaporation [7,11-18] and electron beam 
(e-beam) [19], magnetron sputtering has the advantages of improved 
film adhesion, precise deposition parameter control, scalability and 
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consequently superior metal contact morphology [19-22]. Despite these 
benefits, magnetron sputtering is rarely used in PSCs fabrication due to 
the damaging effect of high kinetic energy particles (metal atoms) on 
organic hole transport layer (HTL) and perovskite layer [19,20]. The 
HTL gets damaged when the metal particles strike the molecules in the 
HTL or dope into the HTL/perovskite layers to form recombination sites 
[23]. The extent of penetration and the number of metal dopants in 
HTL/perovskite layers depend on the particle kinetic energy and depo- 
sition rate, respectively [20]. At very high kinetic energy, numerous 
metal particles dope in the perovskite layer, leading to very severe 
performance degradation. Because of this, only a limited number of 
attempts were made using the magnetron sputtering to deposit metal 
contact for PSCs [19,20,23-27]. To date, the majority of these studies 
focused on the effect of magnetron sputtering of different metal contacts 
on the performance of PSCs [24-27]. A few studies investigated the 
dependence of PSC performance on the thickness of metal electrode [26, 
27] and also the influence of deposition rate [18]. Furthermore, few 
authors carried out comparative studies of PSC metal electrode 
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fabrication using thermal evaporation, magnetron sputtering and 
e-beam techniques [19,20,23]. These studies were done in a controlled 
laboratory environment (glovebox) and best efficiencies reported were 
18.32% and 16.51% for devices with sputtered Au and Ag contacts 
respectively [20,25]. Notwithstanding these reports, systematic study of 
the effect of sputtering parameters on PSCs’ performance is still lacking, 
especially for devices processed in ambient lab environments relevant to 
real-life manufacturing conditions. In this paper, we investigate the ef- 
fect of sputtering parameters on the performance of PSCs, which include 
sputtering power, argon flow rate, sputtering duration, and argon 
pressure. These parameters are selected for study as they have been 
reported as the most important sputtering parameters during thin film 
deposition [21], though the researchers only investigated the impact of 
these parameters on the properties of sputtered films. 


2. Experimental 
2.1. Materials 


The laser-patterned fluorine-doped tin oxide (FTO, TEC-15) glasses were 
purchased from Pingdingshan Mingshuo Technology Co. Ltd as the sub- 
strate. 2,2',7,7’-Tetrakis (N, N -di-p -methoxyphenylamino)-9,9’- spirobi- 
fluorene (Spiro-OMETAD, 99.8%) was purchased from Borun New 
Materials. Dimethyl sulfoxide (DMSO, 99.8%), lead (II) iodide (Pbl2, 
99.999%), lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI, 98%) and 
methyl acetate (MA, 99%) were purchased from Alfa Aesar. Methyl- 
ammonium iodide (MAI, 99%), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyr- 
idine)cobalt(II]) tris(bis(trifluoromethylsulfonyl)imide) (FK209, 98%), 4- 
tert-Butylpyridine (TBP, 96%) and tin (ID) chloride dihydrate (SnClz.2H20, 
99.995%) were purchased from Sigma Aldrich. The dimethylformamide 
(DMF, 99.8%) and chlorobenzene (CB, 99.6%) were purchased from Across 
Organics. Acetonitrile (99.8%) and ethanol, isopropanol and acetone were 
purchased from Fisher Scientific, silver (Ag) target (99.99%, 2-inch diam- 
eter x 0.125-inch thick) was bought from Kurt J. Lesker Company Ltd while 
0.45 jm hydrophilic nylon filter was purchased from Ossila LTD. 


2.2. Device fabrication 


FTO glasses (20 mm x 15 mm) were cleaned using Hellmanex (III) 
solution and rinsed with deionized water, followed by successive 
cleaning in deionized water, acetone and isopropanol using ultrasonic 
bath at 50 °C for 10 min. Afterwards, the FTO glasses were dried using 
argon/nitrogen gas and then, treated with ultraviolet (UV)-ozone 
cleaner for 10 min. For electron transport layer (ETL) preparation, SnO2 
film was deposited on FTO by spin-coating 90 jl of SnClz.2H20 pre- 
cursor at 4000 rpm for 30 s, followed by annealing at 180 °C for 60 min. 
Then, the substrates with the SnOz layers were treated in a UV-Ozone 
cleaner for 10 min [27-31]. A methylammonium lead iodide 
(MAPDI3) film was deposited on ETL by spin-coating 90 pl of the pre- 
cursor at 4000 rpm for 30 s with 150 ul of MA antisolvent added 
dropwise at 15 s. Dark perovskite film was obtained after annealing at 
110 °C for 15 min. Subsequently, HTL deposited on perovskite film by 
spin-coating 90 pl of Spiro-OMeTAD precursor at 4000 rpm for 30 s. All 
the above-mentioned fabrication processes were carried out in the air 
(53-55% relative humidity). Finally, Ag contact of 0.15 cm? was 
deposited on HTL using magnetron sputtering. The sputtering chamber 
was evacuated to 10 yTorr and refilled with argon gas before the Ag 
films deposition at the substrate temperature of 20 °C. For each study 
condition, 16 active devices fabricated and characterised. 


2.3. Characterisation and measurement 


Fourier Transform Infrared photo-spectrometer (FTIR, Shimadzu 
8400S) and X-ray Diffractometer (XRD, Siemens D5000) were used for 
film chemical composition characterisation. The optical properties of 
films were investigated using Ultraviolet-Visible Photo-spectrometer 
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(UV-Vis, Hitachi U-1900) while film surface morphology was exam- 
ined using an Atomic Force Microscope (AFM, dimension 3100). Scan- 
ning electron microscope (Carl Zeiss 1540XB system equipped with a 
field emission SEM) was used to study the thickness of each layer in a 
freshly prepared and unused device. The sheet resistance of Ag films was 
measured using a 4-probe apparatus. The J-V characteristics of the de- 
vices were measured at one sun (Air Mass 1.5, 100 mW/cm?) illumi- 
nation using a solar simulator (Oriel LCS-100, Class ABB) and an Autolab 
I_V tracer (Metrohm). A mask was placed above the solar cell to ensure 
that the photocurrent is generated from a well-defined active area of the 
solar cell. The electrochemical impedance spectroscopy (EIS) of the 
devices was measured using Metrohm Autolab with a bias at an open- 
circuit voltage (Vo-) under dark. The shelf stability of the cells was 
also monitored periodically by measuring the J-V characteristics under 
the same testing condition. The preliminary results show that majority 
of cells retain more than 80% of their initial efficiency after the solar 
cells were stored at room temperature and ambient humidity for 864 h. 


3. Results and discussion 
3.1. Physical and optical properties of fabricated films 


The devices were fabricated based on a structure of FTO/SnO2/ 
MAPbI3/Spiro-OMETAD/Ag as shown in Fig. 1 (a). Before solar cell 
fabrication, MAPbI3, Spiro-OMETAD and SnOz films were prepared and 
examined using XRD, FTIR, UV-Vis and AFM to confirm their chemical, 
optical and morphological properties. Fig. 1 (b) shows an AFM image of 
MAPDI3 film with RMS roughness of 28 nm and average grain size of 
approximately 330 nm, which represents the optimal grain size to obtain 
the appropriate thickness with minimum grain boundaries. Fig. 1 (c) and 
(d) show the absorbance spectra and Tauc plot of MAPDI3 film with 
absorption onset at 778 nm and bandgap of 1.59 eV, respectively. Fig. S1 
(a) in supporting information shows that the FTIR peaks of MAPDbI3 film 
occur at 910.43, 1469.81 and 3180.72 cm ~! while Fig. S1 (b) shows that 
the XRD peaks were observed at 20 = 14.07, 28.39 and 31.84°. These 
results confirm that the high quality of MAPbI3 has been obtained. 
Fig. S1 (c) shows FTIR peaks at 827.49, 1038.74, 1247.02, 1465.95 and 
1509.35 and 1606.76 cm™! for Spiro-OMETAD and Fig. S1 (d) shows its 
AFM image, confirming that the Spiro-OMETAD layer was fabricated 
with expected quality and surface morphology. The UV-Vis spectra of 
FTO and FTO/SnOz in Fig. S2 (a) reveals that the SnO2 layer has a 
negligible effect on FTO glass transmittance. From the Tauc plot in 
Fig. S2 (b), the bandgap of SnO2 and Spiro-OMETAD were obtained as 
3.95 and 3.01 eV, respectively. Fig. S2 (c) and (d) shows the FTO glass 
design and electrode layout of the devices, respectively. These results 
confirm that the films deposited were of high quality and has optimised 
properties consistent with previous studies [16,32-43]. The series 
resistance (R;) and shunt resistance (Rp) calculation method are pre- 
sented in Fig. S3 and equation (2). 


3.2. Optimum sputtering power for PSC fabrication 


In this experiment, the sputtering power was varied from 1.0 to 4.0 
W while the argon flow rate, sputtering duration and argon pressure 
were kept at 15 sccm (standard cubic centimeters per minute), 60 min 
and 5 mTorr (millitorr), respectively. Fig. 2 (a) shows the current 
density-voltage (J-V) characteristics of the PSCs as a function of the 
sputtering power with the device parameters summarized in Table 1. It 
can be seen that as the sputtering power changes from 1.0 to 2.0 W, the 
PCE and fill-factor (FF) of the cells decrease slightly, while the short- 
circuit current density (Js-) increases and the open-circuit voltage 
(Voc) remains the same. The improvement in Js. is possibly due to a 
reduction in the sheet resistance of the Ag contact as shown in Fig. 2 (b). 
The fall in FF and PCE may be attributed to a slight increase in recom- 
bination rate due to a minor reduction in HTL thickness arising from 
increased sputtering power as shown in Fig. 3 (a) and (b) and Table S1. 
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Fig. 1. (a) The structure of the perovskite solar cell, (b) AFM image of MAPDIs film, (c) UV-Vis spectra of MAPDbIs film, and (d) Tauc plot of MAPDbI3; film. 


However, no noticeable change in Vo, is observed because the HTL 
damage and Ag doping into HTL/perovskite layers are insignificant. As 
the sputtering power increases from 2.0 to 3.0 W, the PCE, Voc and FF 
decrease further while the J;- continues to increase slightly. The fall in 
PCE, Voc and FF are due to more acute HTL damage that has led to a 
reduction in HTL thickness as shown by SEM images in Fig. 3 (b) and (c) 
and Table S1. It has been reported that HTL damage leads to a rise in 
recombination sites [20]. However, the Js. is increased further, possibly 
due to thinner barriers (HTL) and a further reduction in the sheet 
resistance of the Ag contact as shown in Fig. 2 (b). 

With a further increase in the sputtering power from 3.0 to 4.0 W, the 
PCE of the cells drastically decreased due to significant reduction in Voc 
and FF, even though the sheet resistance of the Ag contact has further 
reduced. SEM examination reveals that the HTL thickness is reduced to 
about 75 nm after Ag deposition using sputtering power of 4.0 W as 
shown in Fig. 3 (d) and Table S1. The result indicates that the organic 
HTL had been severely damaged by Ag particles during high power 
sputtering. A consequence of the damage to the HTL is an increase in 
charge recombination, leading to a decrease in charge carrier density of 
the devices [23]. Fig. 4 shows the chemical capacitance of the devices as 
a function of the sputtering power. The chemical capacitances were 
determined from impedance spectroscopy measurements (see Fig. S4 in 
supplementary information), which is proportional to the charge carrier 
density. A decrease in the chemical capacitance indicates a reduction in 
charge carrier density due to an increased charge recombination. The 
XRD analysis of the Ag films deposited on pure glass substrates at 
different sputtering powers show clearly that all films are crystalline 
materials (see Fig. S5). In addition, the thickness of the films and grain 
size increase with increasing the sputtering power as indicated by the 
growing peak intensity and the full width at half maximum (FWHM). 
The data extracted from AFM images show that the grain size of the Ag 
films increases with increasing sputtering power (Table $2). The AFM 


images in Fig. 5 (a)-(d) also show that Ag film deposited at 1.0 W has the 
most uniform grains, which may also contribute to the observed 
improvement. These results demonstrate that 1.0 W is the optimum 
sputtering power for depositing Ag contact on PSCs for the equipment 
used. It is to be noted that the sheet resistance of the Ag contact prepared 
using 4.0 W is lower than that using 1.0 W. The results from this work 
seem to indicate that the difference in the electrical resistance obtained 
using 1.0 W and 4.0 W has little influence on the performance of the 
perovskite solar cells because the electrical resistance obtained from 1.0 
W is already sufficiently low. 


3.3. Optimum argon flow rate for PSC fabrication 


In this part of the experiment, the argon flow rate was varied from 
5.0 to 25.0 sccm while the argon pressure, sputtering power and dura- 
tion were kept at 5.0 mTorr, 1.0 W and 60 min, respectively. The J-V 
characteristics of PSCs as a function of argon flow rate are shown in 
Fig. 6 (a) with the device parameters summarized in Table 2. From the 
results, it can be seen that the PCE and J,, of the devices are improved as 
the argon flow rate changes from 5.0 to 25.0 sccm. The improvement 
may be attributed to a reduction in the sheet resistance of Ag film as 
shown in Fig. 6 (b). 

The Vo¢ remains more or less constant when argon flow rate changes 
from 5.0 to 15.0 sccm but decreases as the argon flow rate is further 
raised to 25.0 sccm, while the FF shows an increasing trend with the 
argon flow rate from 5.0 to 15.0 sccm and begins to reduce as the argon 
flow rate is at 25.0 sccm. Such variation may be explained by the trade- 
off between the sheet resistance of Ag contact and the damage of the 
HTL. Fig. 6 (b) shows that the sheet resistance of the Ag films decreases 
with an increase in the argon flow rate, which helps to improve the 
charge carrier extraction. However, the HTL damage is anticipated to 
increase with increasing argon flow rate due to an increase in deposition 
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Fig. 2. Effect of sputtering power on (a) J-V characteristics of the best devices 
and (b) the thickness of hole transport layer (HTL) and the sheet resistance of 
Ag films deposited on pure glass substrates. 


Table 1 

Photovoltaic parameters of the devices with Ag contacts deposited on the top of 
the perovskite/Spiro-OMETAD layers using different sputtering powers (the 
rows denoted “Best” represent the data obtained from the best solar cells of the 
batch; the rows denoted “Av” represent the average of all cells in a batch). 


Sputtering Voe(V) Ise FF (%) Rs Rp PCE (%) 
Power (mA/ (Q) (kQ) 
(Ww) cm?) 
1.0 Best 1.09 21.90 70.55 55 40.0 16.82 
Av 1.08 21.44 69.08 16.01 
0.01 0.61 0.85 +0.5 
2.0 Best 1.09 23.21 65.24 55 12.5 16.49 
Av 1.08 22.40 62.28 15.08 
+ 0.01 +1.10 + 4.35 + 0.83 
3.0 Best 1.07 23.96 60.00 67 8.9 15.41 
Av 1.07 23.13 60.08 15.05 
0.01 0.74 1.66 + 0.29 
4.0 Best 0.88 22.29 38.75 164 1.6 7.61 
Av 0.86 21.22 37.62 6.88 + 
0.03 0.85 + 1.00 0.38 


rate, leading to the deterioration of the charge carrier extraction. As a 
result, the optimal rate is obtained at 15 sccm. Impedance spectroscopy 
measurements shows that the chemical capacitance of the devices peaks 
at the argon flow rate of 15 sccm as shown in Fig. 6 (b), indicating that 
the maximum charge carrier density of devices is obtained at 15 sccm. In 
summary, 15.0 sccm is the optimum argon flow rate to prepare Ag 
contact using magnetron sputtering for given conditions under 5.0 
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Fig. 3. SEM images of the perovskite solar cells with Ag contacts deposited on 
the top of the perovskite/Spiro-OMETAD layers using magnetron sputtering 
using the sputtering power at (a) 1.0 W (b) 2.0 W (c) 3.0 W and (d) 4.0 W. 
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Fig. 4. The chemical capacitance of a perovskite solar cell as a function of 
sputtering power of magnetron sputtering for Ag contact deposition on the top 
of perovskite/Spiro-OMETAD layers. The reduction in chemical capacitance 
indicates a reduction in the charge carrier density. 


mTorr, 1.0 W and 60 min. 


3.4. Optimum sputtering duration for PSC fabrication 


In this study, sputtering duration was varied from 20 to 80 min while 
the sputtering pressure, argon flow rate and pressure were kept constant 
at 1.0 W, 15 sccm and 5 mTorr, respectively. The J-V characteristics of 
PSCs for different sputtering durations are shown in Fig. 7 (a) and the 
photovoltaic parameters summarized in Table 3. It can be seen that the 
Voc, Jsc, and FF of the devices reach their maximum values at a sput- 
tering duration of 40 min, resulting in a remarkable PCE of 18.35% for 
air-processed PSCs. As shown in Table 3, this efficiency corresponds to a 
favourable combination of lowest series resistance, Rs, and highest 
parallel resistance, Rp. It can be seen from Fig. 7 (b) that the chemical 
capacitance of the devices peaked at 40 min, indicating the optimal 
period to obtain the maximum charge carrier density. The key reason for 
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Fig. 5. AFM images of Ag films deposited on pure glass substrates using magnetron sputtering deposition under the deposition condition at 5 mTorr, 15 sccm, 60 min 


and sputtering power of (a) 1.0 W (b) 2.0 W (c) 3.0 W and (d) 4.0 W. 


the significant improvement in the PCE arises from a reduction in the 
power losses associated with the series and parallel resistances. The 
optimised deposition conditions, in this case, enable to achieve suffi- 
ciently low sheet resistance of Ag contact (Fig. 7 (b)) without significant 
damage to the HTL and the interfacial quality between the HTL and Ag 
film, which are prone to the damage by particle impact or stress. Any 
deviation from the optimal deposition conditions would result in an 
increase in the series resistance and a decrease in parallel resistance as 
shown in Table 3. Evidently, 40 min is the optimum sputtering duration 
for Ag deposition for the above-mentioned deposition conditions. 


3.5. Optimum argon pressure for PSC fabrication 


In this part of the experiment, argon pressure was varied from 4.0 to 
7.0 mTorr while the sputtering power, duration and argon flow rate 
were kept at 1.0 W, 40 min and 15.0 sccm, respectively. The J-V char- 
acteristics of PSCs for different argon pressures are shown in Fig. 8 (a) 
with the device parameters summarized in Table 4. It can be seen that 
the Vo-, FF and PCE of the devices are increased as the argon pressure 
changes from 4.0 to 5.0 mTorr while the Js. remains unchanged. This 
may be attributed to possible HTL damage due to deposition at low 
argon pressure (4.0 mTorr in this case) resulting in poor charge carrier 
extraction as shown in Fig. 8 (b) [25]. At low argon pressure, Ag par- 
ticles suffer less scattering by Ar ions and reach HTL surface with high 
impact. When the argon pressure is 5.0 mTorr, the kinetic energy of Ag 
particles is reduced due to increased scattering by Ar ions, resulting in 
less damage to the HTL and consequently improvement in Vo., FF and 
PCE and good charge carrier extraction as shown in Fig. 8 (b). As the 
argon pressure is further increased to 7.0 mTorr, less damage to the HTL 
is expected. However, the sheet resistance of Ag films increased 


significantly, resulting in poor charge carrier extraction as indicated by 
lower chemical capacitance shown in Fig. 8 (b). This is possibly due to 
poor morphology arising from disconnected grains and longer deposi- 
tion duration, the morphology is likely to improve as has been reported 
[20]. Based on the results obtained in this study, it can be concluded that 
the argon pressure has a significant influence on the performance of the 
PSC devices and 5 mTorr is the optimum pressure for Ag contact 
deposition. 


4. Conclusion 


We studied the effect of Ag electrode deposition parameters on the 
performances of perovskite solar cells using magnetron sputtering. It is 
found that the best performance is achieved using sputtering power of 
1.0 W, argon flow rate of 15sccm, sputtering duration of 40 min and 
argon pressure of 5mTorr, resulting in a power conversion efficiency of 
18.4%. The devices also exhibit an excellent short-circuit current density 
of 22.56 mA/cm?, the open-circuit voltage of 1.1 V and a fill factor of 
73.7%. It is worth noting that all fabrication processes in this work were 
carried out in the air, except for Ag contact deposition. The efficiency of 
18.4% represents one of the highest efficiencies reported under such 
conditions. This result demonstrates that through the systematic opti- 
misation of the above parameters, high performance perovskite solar 
cells can be fabricated using magnetron sputtering for preparation of the 
metal electrode. This work provides a guide on the fabrication of high 
performance and air processed PSCs relevant to practical applications. 
The key challenge is to determine the appropriate deposition parame- 
ters, which involves a careful trade-off between achieving low sheet 
resistance and minimising the damage to the HTL. Damage to HTL layer 
leads to the formation of interfacial defects which correlate with the s- 
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Table 2 

Photovoltaic parameters of devices with Ag contacts deposited on the top of the 
perovskite/Spiro-OMETAD layers using different argon flow rates (the rows 
denoted “Best” represent the data obtained from the best solar cells of the batch; 
the rows denoted “Av” represent the average of all cells in a batch). 
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Table 3 

Photovoltaic parameters of devices with Ag contacts deposited on the top of the 
perovskite/Spiro-OMETAD layers using different sputtering duration (the rows 
denoted “Best” represent the data obtained from the best solar cell of the batch; 
the rows denoted “Av” represent the average of all cells in a batch). 


Argon flow Voe(V) Ise FF (%) R, Rp PCE (%) Sputtering Voce Jee FF (%) R, Rp PCE 
rate (sccm) (mA/ (Q) (kQ) duration (V) (mA/ (Q) (kQ) (%) 
cm2) (min) cm”) 
5.0 Best 1.09 20.84 68.22 55 7.4 15.44 20 Best 1.08 21.73 64.04 68 7A 15.02 
Av 1.09 20.42 64.71 14.39 Av 1.08 19.65 65.27 13.84 
+ 0.01 + 1.18 + 2.66 4+ 1.21 1.06 2.20 + 0.56 
10.0 Best 1.10 21.22 69.03 56 22.6 16.12 0.01 
Av 1.08 20.63 65.82 14.70 40 Best 1.10 22.56 73.70 45 60.0 18.35 
+ 0.02 + 0.73 + 2.71 + 0.97 Av 1.09 22.18 70.25 16.99 
15.0 Best 1.09 21.90 70.55 55 40.0 16.82 0.93 2.29 + 0.98 
Av 1.08 21.44 69.08 16.01 0.02 
+ 0.01 + 0.61 + 0.85 + 0.52 60 Best 1.09 21.90 70.55 55 40.0 16.82 
25.0 Best 1.06 22.56 70.32 49 21.9 16.91 Av 1.08 21.44 69.08 16.01 
Av 1.06 23.01 63.27 15.45 0.61 0.85 + 0.52 
+ 0.01 + 0.99 + 5.12 + 0.97 0.01 
80 Best 1.06 21.53 68.69 55 15.1 15.73 
Av 1.04 21.28 65.93 14.53 
shape JV curve at 4W. 1.03 1.76 + 0.49 
0.02 
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Fig. 8. Effect of argon pressure of magnetron sputtering deposition on (a) J-V 
characteristics of the best devices and (b) the chemical capacitance of the de- 
vices and the sheet resistance of Ag films deposited on pure glass substrates. The 
change in chemical capacitance represent the similar change in the charge 
carrier density. 


Table 4 

Photovoltaic parameters of devices with Ag contacts deposited on the top of the 
perovskite/Spiro-OMETAD layers using different argon pressures (the rows 
denoted “Best” represent the data obtained from the best solar cells of the batch; 
the rows denoted “Av” represent the average of all cells in a batch). 


Ar pressure Voe Ise FF (%) Rs Rp PCE 
(mTorr) (V) (mA/ (Q) (kQ) (%) 
cm?) 
4.0 Best 1.04 22.86 69.70 46 14.4 16.57 
Av 1.04 21.56 68.93 15.52 
0.01 0.97 1.19 + 0.86 
5.0 Best 1.10 22.56 73.70 45 60.0 18.35 
Av 1.09 22.18 70.25 16.99 
0.02 0.93 2.29 + 0.98 
7.0 Best 1.10 22.42 66.57 64 29.3 16.43 
Av 1.08 20.24 64.59 14.19 
0.01 1.68 1.76 + 1.35 
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